Macroautophagy is an evolutionarily conserved degradation system in the cell. In autophagy, intracellular components are sequestered by autophagosomes and subsequently degraded upon fusion with lysosomes. Genetic analysis of autophagy in mammals has revealed that autophagy is important for various physiological processes, such as adaptive responses to starvation, embryogenesis, quality control of intracellular proteins and organelles, tumor suppression, degradation of intracellular pathogens, and anti-aging. In this review I describe the various roles of autophagy, with a particular focus on the turnover of cytoplasmic proteins and organelles.
Autophagy is a process in which cytoplasmic components are degraded by the lysosome (Mizushima 2007; Levine and Kroemer 2008) . Both macromolecules, such as proteins, glycogens, lipids, and nucleotides and organelles such as mitochondria, peroxisomes, and the endoplasmic reticulum, can be degraded by autophagy. There are three types of autophagy: macroautophagy, microautophagy, and chaperone-mediated autophagy. Microautophagy involves inward invagination of the lysosomal membrane to take up small portions of the cytoplasm. In chaperone-mediated autophagy, substrate proteins are selectively recognized by cytoplasmic chaperons and directly delivered to the lysosomal lumen across the lysosomal membrane.
Macroautophagy, which will be simply referred to here as autophagy, is mediated by the autophagosome (Fig. 1) . A small portion of the cytoplasm is engulfed by an isolation membrane/phagophore, leading to formation of a double-membrane autophagosome. The outer membrane of the autophagosome fuses with the lysosome, and materials inside the autophagosome are degraded by lysosomal hydrolases. Genetic studies in yeast have identified more than 30 autophagy-related (ATG) genes, which are required for various types of autophagy (Suzuki and Ohsumi 2007; Xie and Klionsky 2007) . Many of these ATG genes are conserved in higher eukaryotes (Longatti and Tooze 2009) . Reverse genetic approaches performed in various organisms, including mice, have revealed the pleiotropic roles of autophagy. These functions include maintenance of the amino acid pool during starvation and preimplantation embryo development, intracellular quality control, tumor suppression, antigen presentation, and killing of intracellular microorganisms (Rubinsztein 2006; Cecconi and Levine 2008; Mizushima et al. 2008; Mizushima and Levine 2010; Levine et al. 2011 ). This chapter focuses on the role of autophagy in protein metabolism and organelle turnover.
ADAPTATION TO STARVATION
The most fundamental and evolutionarily conserved role of autophagy is the adaptation response to starvation conditions. In nutrient-rich conditions, autophagy is suppressed at the basal level. However, when cells and even whole organisms are subjected to starvation, autophagy is upregulated (Tsukada and Ohsumi 1993; Kuma et al. 2004) . Starvation-induced autophagy is important for maintaining the amino acid pool inside cells. For example, the level of amino acids in autophagy-deficient yeast cells is lower than that in wild-type cells under starvation (Onodera and Ohsumi 2005) . These autophagy-derived amino acids are important for protein synthesis. In starved wild-type yeast cells, expression levels of certain proteins, including enzymes involved in amino acid biosynthetic pathways, vacuolar enzymes, mitochondrial respiration proteins, and reactive oxygen species (ROS) scavenger proteins, are increased (Onodera and Ohsumi 2005; Suzuki et al. 2011) . Induction of these proteins is highly dependent on autophagy under nitrogen-starvation conditions. Induction of ROS scavengers is particularly important because ROS accumulation in autophagydeficient yeast cells leads to starvation-induced cell death (Suzuki et al. 2011) .
Neonates face severe starvation until nutrients are supplied by milk feeding. Accordingly, autophagy is actively induced during the neonatal period (Kuma et al. 2004 ). Neonatal autophagy is indeed important for maintenance of the amino acid pool, as evidenced by the fact that amino acid levels in mice deficient in genes essential for autophagosome formation, such as ATG3 (Sou et al. 2008) , ATG5 (Kuma et al. 2004) , and Atg7 (Komatsu et al. 2005) , are 30% -40% lower than those in wild-type neonatal mice at 10 h after birth, even though the levels are normal at birth. As these neonates show activation of AMP-activated protein kinase, autophagy-derived amino acids could also be utilized for energy production (Kuma et al. 2004 ). However, the precise mechanism of the neonatal lethality remains unknown; such neonates show additional abnormal phenotypes such as suckling defects, which eventually lead to neonatal death.
OOCYTE-TO-EMBRYO TRANSITION
Autophagy is also extensively induced by fertilization in mice (Tsukamoto et al. 2008 ). This observation is apparently contradictory to previous results using systemic Atg5-and Atg7-deficient mice because these mice can survive throughout embryogenesis, although they die after birth (Kuma et al. 2004; Komatsu et al. 2005) . However, we realized that Atg5 2 oocytes (lacking the ATG5 gene) derived from Atg5 þ/2 female mice contain maternally inherited Atg5 proteins in the cytoplasm, which can rescue the autophagy-deficient phenotype of conventional Atg5 2/2 mice during early embryogenesis. We subsequently generated oocyte-specific Atg5 2/2 mice to produce a complete autophagy-deficient mouse during early embryogenesis (Tsukamoto et al. 2008 ). The obtained embryos showed developmental arrest at the four-to eight-cell stages, and showed reduced rates of protein synthesis. We speculate that autophagy should be important for providing essential amino acids for embryonic protein synthesis until implantation. As Atg5 2/2 mice can survive embryogenesis, it appears that autophagy is not essential for later developmental processes (Tsukamoto et al. 2008) .
PROTEIN QUALITY CONTROL BY AUTOPHAGY
Although drastic induction is a characteristic feature of autophagy, it also occurs constitutively at low basal levels. This "basal autophagy" is important for intracellular quality control, particularly in the nervous system and liver. Komatsu and coworkers demonstrated that mice with liver-specific deletion of ATG7 develop severe hepatomegaly with intracellular accumulation of ubiquitinpositive aggregates and deformed organelles (Komatsu et al. 2005) .
Similar findings were also observed in mice with neural cell-specific deletion of either ATG7 (Atg7 flox/flox ;Nestin-Cre; Komatsu et al. 2006) or ATG5 (Atg5 flox/flox ;Nestin-Cre; Hara et al. 2006) . These mice develop progressive motor deficits such as ataxic gait, impaired motor coordination, abnormal limb clasping reflexes, and systemic tremor, and sporadic deaths occur after 3 weeks of age in some populations. Axonal swelling and partial loss of Purkinje cells and cerebral pyramidal cells are induced. As in liver-specific knockout mice, neurons of Atg5 flox/flox ;Nestin-Cre and Atg7 flox/flox ;Nestin-Cre mice demonstrate ubiquitinpositive protein aggregates. Furthermore, even neonates of systemic Atg5 knockout mice possess ubiquitinpositive aggregates in many neonatal tissues such as hepatocytes, a subset of neurons, the anterior lobe of the pituitary gland, and the adrenal gland (Hara et al. 2006) . Thus, autophagy is critical for intracellular clearance, even if no disease-associated aggregate-prone proteins are expressed.
SELECTIVE DEGRADATION OF p62 BY AUTOPHAGY
Although the majority of autophagy substrates are nonselectively incorporated into the autophagosome, the autophagosomal membrane can selectively recognize some specific proteins and organelles ( Fig. 2) (Kirkin et al. 2009; Kraft et al. 2010) . The best known selective substrate for autophagy in mammals is p62/SQSTM1 (Bjørkøy et al. 2005; Pankiv et al. 2007 ). p62 has multiple functions in bone remodeling, inclusion body formation, obesity, and inflammatory signal transduction (Wooten et al. 2006; Seibenhener et al. 2007; Moscat and Diaz-Meco 2009 ). p62 has a short motif (WXXL-like) that interacts with microtubule-associated protein 1 light chain 3 (LC3), an autophagosomal protein, and therefore is incorporated inside the autophagosome and degraded. Indeed p62 accumulates in autophagy-deficient tissues and cells and forms intracellular aggregates (Bjørkøy et al. 2005; Komatsu et al. 2007 ).
Degradation of p62 by autophagy is physiologically important. When p62 is simultaneously deleted in liverand brain-specific Atg7 knockout mice, formation of ubiquitin-positive aggregates is suppressed (Komatsu et al. 2007 ). Accordingly, the abnormal liver phenotype including hepatomegaly and liver dysfunction is dramatically improved in Atg7 2/2 p62 2/2 double knockout mice (Komatsu et al. 2007) . Why is p62 cytotoxic in the liver? p62 interacts with Keap1, a component of ubiquitin ligase that induces proteasomal degradation of the transcription factor Nrf2. p62 overexpression sequesters Keap1, and thereby inhibits Nrf2 degradation Lau et al. 2010 ). Stabilized Nrf2 activates A portion of cytoplasm, including organelles, is enclosed by an isolation membrane (or phagophore) to form an autophagosome. The outer membrane of the autophagosome fuses with the lysosome, and the internal material is degraded.
its target genes, such as those of antioxidant proteins and detoxification enzymes, and paradoxically causes liver damage. This idea is supported by evidence that shows that liver damage in Atg7 knockout mice can be ameliorated by deletion of Nrf2 and further exacerbated by deletion of Keap1 .
In contrast to liver, neurological symptoms of neural cell-specific Atg7 knockout mice are not improved by deletion of p62, even though ubiquitin-positive aggregates are absent (Komatsu et al. 2007 ). Therefore, formation of the inclusion body itself may not be toxic, and autophagy probably plays a more general role in intracellular quality control, not only for turnover of p62.
It has also been hypothesized that p62 functions as an adaptor (or cargo receptor) for ubiquitinated proteins, because of its ubiquitin-associated (UBA) domain (Kim et al. 2008; Kirkin et al. 2009 ). However, this model has not been experimentally proved in mouse models. Deletion of p62 in Atg7 knockout mice does not significantly reduce the amount of ubiquitinated proteins . It has also recently been suggested that accumulation of ubiquitinated proteins in autophagydeficient hepatocytes and neurons could be a secondary consequence of Nrf2 activation, rather than a direct result of a defect in the clearance of ubiquitinated proteins (Riley et al. 2010) . Finally, the results of a recent in vitro study also suggest that ubiquitinated proteins are not degraded by autophagy (Myeku and Figueiredo-Pereira 2011) . The "p62 adaptor hypothesis" needs to be further evaluated in more physiological settings.
QUALITY CONTROL OF MITOCHONDRIA BY AUTOPHAGY: IMPLICATIONS FOR THE PATHOGENESIS OF PARKINSON'S DISEASE
In contrast to the ubiquitin -proteasome system, autophagy can degrade entire organelles such as mitochondria, peroxisomes, and the endoplasmic reticulum. Autophagic degradation of mitochondria, termed mitophagy, is currently attracting attention because of its potential role in the pathogenesis of Parkinson's disease (PD). PD is one of the most common neurological diseases and is primarily caused by a loss of dopaminergic neurons in the substantia nigra. Many PD-related genes have been identified from patients with familial PD (Abou-Sleiman et al. 2006; Zhu and Chu 2010) . One of these genes codes for Parkin, an E3 ubiquitin ligase (Kitada et al. 1998) . Recent studies have revealed that Parkin is important for elimination of damaged mitochondria by autophagy (Youle and Narendra 2011) . Parkin translocates from the cytosol to depolarized mitochondria, and triggers mitophagy (Narendra et al. 2008) (Fig. 2) . Targeting of Parkin to mitochondria is dependent on PTEN-induced putative kinase 1 (PINK1), another PD-associated gene product (Gegg et al. 2010; Geisler et al. 2010; Kawajiri et al. 2010; Matsuda et al. 2010; Narendra et al. 2010a; Rakovic et al. 2010; Vives-Bauza et al. 2010; Ziviani et al. 2010) .
However, the detailed mechanism underlying Parkinmediated mitophagy remains to be elucidated. Several mitochondrial proteins such as voltage-dependent anion channel 1 (VDAC1) (Geisler et al. 2010) , mitofusin (a mitochondrial pro-fusion factor) (Gegg et al. 2010; Poole et al. 2010; Tanaka et al. 2010; Ziviani et al. 2010) , Bcl-2 , and Drp1 (Wang et al. 2011) have thus far been shown to be ubiquitinated by Parkin. These ubiquitinated proteins may recruit the autophagy adaptor p62 (Ding et al. 2010; Geisler et al. 2010; Lee et al. 2010) . However, the role of p62 remains controversial; p62 seems to be essential for mitochondrial clustering at the perinuclear region rather than for mitophagy itself (Narendra et al. 2010b; Okatsu et al. 2010 ). We also found that LC3 -p62 interaction is not the first recognition step of damaged mitochondria, and upstream Atg proteins can be recruited in an LC3-independent manner (E Itakura and N Mizushima, unpubl. results).
More recently, Parkin was shown to also mediate proteasome-dependent degradation of a wide range of outer mitochondrial membrane proteins (Tanaka et al. 2010; Chan et al. 2011; Yoshii et al. 2011) . In Parkinoverexpressing cells, loss of mitochondrial potential induces recruitment of the proteasome (Chan et al. 2011; Yoshii et al. 2011 ) and p97/VCP (Tanaka et al. 2010 ) to mitochondria. However, whether or not proteasomal degradation of outer membrane proteins is required for mitophagy remains controversial. We observed that inhibition of the proteasome does not affect mitophagy, suggesting that Parkin has two independent functions: turnover of outer membrane proteins at a molecular level, and turnover of entire mitochondria at the organelle level (Yoshii et al. 2011) . On the other hand, Youle's and Chan's groups found that degradation of the outer membrane proteins contributes to mitophagy (Tanaka et al. 2010; Chan et al. 2011) . Ubiquitination and degradation of mitofusin may affect mitochondrial fusion, which would facilitate mitophagy, even though mitofusin itself is not essential for mitophagy (Tanaka et al. 2010) .
AUTOPHAGY AND TUMORIGENESIS
It has been suggested that autophagy is a tumor suppressor (Levine and Kroemer 2008; Chen and Debnath 2010; White et al. 2010 ). White's group has suggested several tumor-suppressive mechanisms: (1) suppression of tumorigenic inflammation (Degenhardt et al. 2006) , (2) mitigation of metabolic stress and genomic damage (Karantza-Wadsworth et al. 2007; Mathew et al. 2007) , and (3) degradation of tumorigenic p62 (Mathew et al. 2009 ). However, results from in vivo models have been limited. Beclin 1 heterozygous mutant mice show an increased frequency of spontaneous cancers in the lung, liver, and lymphoid tissues (Qu et al. 2003; Yue et al. 2003) . Moreover, Beclin 1-interacting proteins such as Ambra 1 (Fimia et al. 2007 ), Bif-1 (Takahashi et al. 2007) , and UVRAG (Liang et al. 2006 ) have also been shown to play a role in tumor suppression. However, these factors are not strictly specific for autophagy; they also function in the endocytic pathway (Funderburk et al. 2010; He and Levine 2010; Thoresen et al. 2010) .
Systemic deletion of most Atg genes causes neonatal lethality and tissue-specific (e.g., brain and liver) autophagy-deficient mice are also often short-lived, which makes it difficult to evaluate the involvement of autophagy in vivo. To overcome these limitations, we generated a novel mouse model with systemic mosaic deletion of Atg5, in which only 10% -40% of cells show Atg5 gene deletion (Takamura et al. 2011) . These mice develop multiple benign tumors in the liver, but not in other tissues (Fig. 3) . In tumor cells, mitochondria are swollen and oxidative stress and genomic damage responses are promoted, suggesting the importance of mitochondrial quality control in tumor suppression.
Liver-specific Atg7-deficient mice also develop liver tumors (Takamura et al. 2011) . Of importance, concomitant deletion of p62 reduces the size of the liver tumors, although it does not completely suppress tumor formation (Takamura et al. 2011) . Thus, accumulation of p62 caused by autophagy deficiency may contribute to tumor progression, rather than tumorigenesis. These results suggest that turnover of both proteins and organelles is critically important for prevention of spontaneous tumorigenesis and subsequent tumor progression.
CONCLUSIONS
As discussed above, the field of autophagy research has expanded very rapidly in recent years. It is now apparent that autophagy is linked to a large number of physiological processes in many organisms. It is, therefore, reasonable to assume that autophagy also plays a role in human diseases. In addition to the Parkin/PINK1 involvement in PD, Atg16L1 has been reported to be associated with Crohn's disease, a chronic inflammatory bowel disease (Stappenbeck et al. 2010) . It is likely that there are more human diseases in which autophagy defects could be pathogenic or in which autophagy could be a therapeutic target. The novel findings discussed in this chapter will aid further development of autophagy research in both basic and clinical fields. 
